There have been hiatuses in global warming since the 1990s, and their potential impacts have attracted extensive attention and discussion. Changes in temperature not only directly affect the greening of vegetation but can also indirectly alter both the growth state and the growth tendency of vegetation by altering other climatic elements. The middle-high latitudes of the Northern Hemisphere (NH) constitute the region that has experienced the most warming in recent decades; therefore, identifying the effects of warming hiatuses on the vegetation greening in that region is of great importance. Using satellite-derived Normalized Difference Vegetation Index (NDVI) data and climatological observation data from 1982-2013, we investigated hiatuses in warming trends and their impact on vegetation greenness in the NH. Our results show that the regions with warming hiatuses in the NH accounted for 50.1% of the total area and were concentrated in Mongolia, central China, and other areas. Among these regions, 18.8% of the vegetation greenness was inhibited in the warming hiatus areas, but 31.3% of the vegetation grew faster. Because temperature was the main positive climatic factor in central China, the warming hiatuses caused the slow vegetation greening rate. However, precipitation was the main positive climatic factor affecting vegetation greenness in Mongolia; an increase in precipitation accelerated vegetation greening. The regions without a warming hiatus, which were mainly distributed in northern Russia, northern central Asia, and other areas, accounted for 49.9% of the total area. Among these regions, 21.4% of the vegetation grew faster over time, but 28.5% of the vegetation was inhibited. Temperature was the main positive factor affecting vegetation greenness in northern Russia; an increase in temperature promoted vegetation greening. However, radiation was the main positive climatic factor in northern central Asia; reductions in radiation inhibited the greenness of vegetation. Our findings suggest that warming hiatuses differentially affect vegetation greening and depend on meteorological factors, especially the main meteorological factors.
Introduction
Global warming has generated extensive concern and is a hot research topic [1, 2] . The average sea and land surface temperature at a global scale rose 0.85 • C from 1880-2012 [3] . The temperature has risen an average of 0.12 • C per decade over the past 50 years [4, 5] . In the short term, global climate warming hiatuses have occurred since the middle and late 1990s [2, [6] [7] [8] . The variation tendencies of the Atlantic multidecadal oscillation (AMO) and Pacific multidecadal oscillation (PMO) show that natural changes in the Atlantic and Pacific counteract potential global warming [9] [10] [11] . As a result, the climatic variability or the temperature changes caused by weather can temporarily exceed the global warming tendency, leading to the warming hiatus phenomena.
Vegetation greening is affected by climatic elements, including temperature, radiation, and precipitation [12] [13] [14] . Variations in global land surface temperature can alter the steady state of radiation and precipitation, thereby influencing the greenness and spatial distribution of land surface vegetation. Therefore, temperature is a crucial meteorological factor affecting vegetation greenness, especially in the middle-high latitudes of the Northern Hemisphere (NH), as this region is sensitive to temperature [15] [16] [17] [18] . Vegetation greenness in the middle-high latitudes of the NH is influenced mainly by temperature and radiation [15] . In the temperate zone of Eurasia, changes in the vegetation greening trend in the summers from 1997-2006 were caused mainly by the reduction in precipitation [19] .
Variations in global land surface temperature, such as warming hiatuses, can affect the greenness and spatial distribution of land surface vegetation. In general, a "hiatus" refers to a pause in the change in the global average surface temperature. In the context of a global warming hiatus, the temperatures in different parts of the world are different. At the local scale, it refers to pauses in local temperature changes with variable timing and length. Climate change in the temperate regions of the Eurasian continent is closely related to vegetation greenness [19] . The impact of global warming on the Qinghai-Tibet Plateau ecosystem is positive, but temporal and spatial imbalances remain [20] . The interactions between a long-term series of Normalized Difference Vegetation Index (NDVI) and dynamic climate changes in the Mongolian Plateau showed that the NDVI during the growing season clearly tended to increase as the temperature and precipitation increased during the middle and late 1990s [21] . These studies suggest that vegetation greenness may be affected by warming and warming hiatuses.
At least three deficiencies currently exist in the study of the effects of warming hiatuses on vegetation. First, large-scale data about the spatial distribution of warming hiatuses in the NH and their effects on vegetation greenness are lacking. Second, most studies have reported the effects of only a single temperature factor or two factors (temperature and precipitation) on vegetation greenness [12, 19, [22] [23] [24] . However, radiation is also an important factor affecting vegetation greenness in the majority of the NH [15] . Therefore, most studies lack comprehensive analyses of these three meteorological variables and have not accounted for the interactive effects between them. Lastly, studies investigating the effects of warming hiatuses on vegetation usually have not considered the time lag in the response of vegetation to climate change [5, 19, 25] . In actuality, vegetation greening is not always predominantly influenced by only the current climatic conditions. Due to the lag in the response of vegetation to climate, the climatic conditions in the earlier stages of growth can also affect the current greening state of vegetation.
Based on the above considerations, the purposes of this study were as follows: (i) to determine the regions that have experienced a warming hiatus over the NH and (ii) to analyze the corresponding changes in vegetation in the regions that have experienced a warming hiatus. In consideration of the lag time of vegetation greening in response to climatic elements, the turning time and its spatial distribution of warming hiatuses in the NH were determined. In addition, the effects of both a warming hiatus and accelerated warming on vegetation greenness were comprehensively analyzed by investigating a combination of vegetation greenness and three climatic elements, including temperature, radiation, and precipitation.
Materials and Methods

Data Sources
In this study, to estimate warming hiatuses, we used the Climatic Research Unit (CRU) TS3.24.01 [26] monthly temperature data set, which was obtained using spatial interpolation from more than 4000 meteorological stations worldwide [27] . To determine the main cause of vegetation changes, radiation data was obtained from the CRU-National Centers for Environmental Prediction (NCEP) V5.2 dataset [28] . Precipitation data was obtained from CRU TS3.24.01 [26] . Vegetation indices were widely used for the global or regional monitoring of vegetation conditions and dynamics [17, 29, 30] . Global Inventory Modeling and Mapping Studies (GIMMS) NDVI3g data [15, 30, 31 ] from 1981-2013 was used to represent the vegetation greening status. In the present study, the maximum value composite was used to synthesize the NDVI data every 15 days for the monthly data, a technique that can largely remove atmospheric noise [32] . Land cover type data from the Moderate Resolution Imaging Spectroradiometer (MODIS) MCD12C1 first classification scheme with unchanged types from 2001-2012 was used to distinguish the vegetation types in the NH. The leaf area index (LAI) simulated in the BIOME-BGC and CLASS-CTEM-N+ models from the Multi-Scale Synthesis and Terrestrial Biosphere Model Inter-comparison Project (MsTMIP) was also used to validate the NDVI data [33] . The spatial resolution of all data was resampled with the nearest neighbor interpolation to the 0.5 degree for the various analyses.
Detection of Regions that Have Experienced a Warming Hiatus
In this study, the NDVI used was the average of the growing season (April-October). Considering a certain lag time in the response of vegetation to climatic factors, this study also used the maximum correlation method to calculate the lag time of temperature [15] .
The piecewise linear fitting model [19, 34, 35] was used to detect whether there was a warming hiatus during the study period from 1982-2013 with the following model:
in which y i is the temperature; t is the time; b 3 is the estimated turning point; and b 1 , b 2 , and b 4 are the regression coefficients. Before the turning point, the slope of the temperature change with time is k 1 , but after the turning point, the slope is k 2 . Equation 1. shows that k 1 = b 2 and k 2 = b 2 + b 4 .
The temperature variation tendencies k 1 and k 2 before and after the turning point were compared pixel by pixel. The regions with a warming hiatus were then confirmed when k 1 > k 2 , which indicated that the warming trend became slower. When k 1 < k 2 , the warming trend became faster.
Normalized Difference Vegetation Index Change Trend Calculations
Calculating and determining the statistics of the degree of change in the vegetation greening status before and after the turning point are beneficial for understanding and analyzing changes in vegetation in all regions. To detect the effects of warming hiatuses on vegetation greenness, the NDVI change trends were calculated and compared to the NDVI trends before and after the turning point. Via pixel-by-pixel comparisons of the NDVI change trends v 1 and v 2 before and after the turning point, the effects of temperature change on vegetation were confirmed. When v 1 > v 2 , the vegetation greening trend was weakened; when v 1 < v 2 , the vegetation greening rate was enhanced. The relative change in the NDVI trends can be expressed as v r as follows:
in which v 1 and v 2 refer to the NDVI change trends before and after the turning point.
Driving Factors Affecting Vegetation Greenness
To identify the causes underlying changes in vegetation before and after the turning point, we needed to detect the main driving climatic factors affecting vegetation change. The partial correlation coefficient of the GIMMS NDVI with each climatic factor was calculated according to the following Equation (3) [15] :
in which r 12,34 is the partial correlation coefficient of variables 1 and 2 when the other variables are controlled; R 2 1 (2, 3, 4) is the coefficient of determination when the regression analysis is carried out for variables 1 and 2, 3, 4; and R 2 1 (3, 4) is the coefficient of determination when the regression analysis is carried out for variables 1 and 3, 4. In our study, variable 1 stands for NDVI, and variables 2, 3, 4 stand for the temperature, precipitation, and radiation.
Results
Distribution of Warming Hiatuses
The spatial distribution of warming hiatuses in the middle-high latitudes of the NH (30 • N) was detected and is shown in Figure 1 . The regions with a warming hiatus were mainly concentrated in northwestern North America, northeastern Russia, Mongolia, and central China, while the regions without a warming hiatus were distributed in eastern North America and in most parts of Europe, covering western Russia, northern Russia, and northern central Asia ( Figure 1a ). The map of the distribution of warming hiatuses in Figure 1a shows that the overall temperature is still increasing. In actuality, there were large differences in the speed of warming with time and space. Figure 1b shows the temperature anomalies from 1982-2013. A trend analysis was performed for the temperature standardization index for every 10 • of latitude in the middle-high latitudes of the NH. Based on the linear regression 4 years before and after the specific year, the variation trend in the temperature changes over time in each latitudinal zone was confirmed by the temperature anomaly trends. Figure 1c shows the variation trend of temperature anomalies in each latitudinal zone 4 years before and after each specific year from 1986-2009. For example, to calculate the variation in the temperature anomaly of 1986, the value from 1982-1990 is used. The temperature anomaly tended to decrease with time. Before 2000, the temperature anomaly tended to increase with time, but it generally decreased after the year 2000. With the exceptions of anomalies at certain times and latitudes, e.g., the severe warming hiatus phenomena at 40-60 
Effects of Warming Hiatuses on Vegetation Greenness
The regionally distributed warming hiatuses were mainly concentrated in northeastern Russia, Mongolia, and central China. Figure 3a shows the spatial distribution of the pixels of unchanged vegetation types in the regions that experienced a warming hiatus. The three regions with the most concentrated warming hiatuses were chosen for the attribution analysis. To find the drivers of the vegetation greenness change, an attribution analysis based on the relationship between vegetation greenness and the three climate variables (temperature, precipitation, and radiation) was used. Piecewise linear analysis showed that more than 80% of the pixels with the warm status in 2005 were located in northeastern Russia and Mongolia, but in 2000 they were concentrated in central China. Figure 3b shows the frequency distribution of the NDVI proportions in all regions. There is a much greater decrease in the vegetation greening in northeastern Russia than in central China, while the vegetation greening rate increased in Mongolia. An attribution analysis was carried out for the pixels with the same warming hiatus time in all regions. The climatic variation and trend variation of the NDVI in Mongolia over time are shown in Figure 4 . PC represents the partial correlation coefficient of each climatic factor with NDVI, excluding the other two meteorological variables. Based on the magnitude of the partial correlation coefficient, the impact of each climatic factor on the vegetation greenness can be explored. According to the positive and negative coefficients, the positive and negative correlations between the climatic elements and the vegetation greenness can be obtained. In Mongolia, the vegetation type was mainly grassland. Precipitation was the main climatic element affecting vegetation greenness. Although the temperature and radiation both tended to decrease, the increase in precipitation could promote the greenness of grassland, resulting in the increase in the NDVI.
In northeastern Russia, the main vegetation type was open shrub. Although precipitation increased after the year 2000, the main influencing factors on vegetation greenness were temperature and radiation ( Figure 5 ). Therefore, due to the warming hiatus and the decrease in radiation, the vegetation greenness was inhibited, and the vegetation greenness tendency was weakened. These results indicate that the warming hiatus led to an inhibition of vegetation greenness. Figure 7a shows that the regions without a warming hiatus were mostly distributed in eastern North America, northern Russia, and northern central Asia. Similarly, the pixels indicating unchanged vegetation types that were relatively concentrated in these three areas were chosen for further analysis. Figure 7b shows the frequency of the NDVI proportion in the three regions. The vegetation greening rate decreased both in eastern North America and in northern central Asia, while the vegetation greening rate increased and became faster in northern Russia. An attribution analysis was carried out for the pixels with the same acceleration time of warming in all regions. The climatic variation and trend variation of the NDVI in the three research regions are shown in Figure 8 . In northern central Asia, grassland was the main vegetation type, and the main climatic element affecting the vegetation greenness was radiation. Figure 8 shows that the radiation clearly tended to decrease both before and after 1992; this decrease directly inhibited and slowed vegetation greenness. In Eastern North America, the main vegetation type was grassland. The partial correlation coefficient results show that the main climatic factor affecting vegetation greenness was radiation. Although the temperature and precipitation increased, the radiation tended to decrease, which led to the inhibition of vegetation greenness (Figure 9 ). In northern Russia, the main vegetation type was open shrub, which was mainly affected by the temperature. The acceleration of warming led to an increase in the NDVI, and the temperature change promoted vegetation greenness. The partial correlation coefficient results show that, in the northern region of Russia, the main factors affecting the greenness of the vegetation included temperature and radiation. Although precipitation decreased, temperature and radiation also simultaneously increased, which promoted the gradual increase in vegetation greenness (Figure 10 ). 
Effects of Ongoing Warming on Vegetation Greenness
Discussion
Based on the time series of the CRU temperature data and the results of the piecewise linear analysis, the regional distribution of warming hiatuses and their effects on vegetation trends in the middle-high latitudes of the NH were detected. Furthermore, the main climatic factors affecting vegetation trends were explored.
A warming hiatus occurred in the temperate zone of Eurasia, and the vegetation demonstrated different responses to warming hiatuses in 1988-2006 [19] . The present study showed that the regions with a warming hiatus in the NH accounted for 50.1% of the total area, and these regions were concentrated in Mongolia, central China, and other areas. On the other hand, the regions without a warming hiatus, which were mainly distributed in northern Russia, northern central Asia, and other areas accounted for 49.9% of the total area. These results were similar to the results of previous studies [6] that reported that regions in mid-latitude Eurasia were among those that experienced a warming hiatus, and that the phenomenon was especially apparent during the winter. However, there was a certain difference between the results of the current study and these previous studies; this difference was probably caused by the time lag effects of the response of vegetation to the climate [15] .
The MsTMIP is a formal multi-scale synthesis that integrates model terms via a defined environment and meteorological drive, simulates standardization, and compares the results of the comprehensive assessment framework with other model results and observations [33] . In our study, the LAI produced by the BIOME-BGC and CLASS-CTEM-N models was used to validate the results of our study. Figure S1 (in Supplementary Materials) shows that the LAI trends in northeastern Russia, Mongolia, and central China are the same as those for the NDVI. Similar results were found in eastern North America, northern Russia, and northern central Asia ( Figure S2 in Supplementary Materials). To verify the accuracy of our results, we used the Global Land Surface Satellite (GLASS) LAI data to test the trend in vegetation greenness. Figure S3 (in supplementary material) shows that the LAI trends in the majority of the six study areas with a stagnant temperature are consistent with the results in the present study.
The global temperature change affected the vegetation greenness to some extent, while the effects of warming hiatuses on the vegetation greenness also differed in both space and time [36] . The results show that there are differences in vegetation greenness among regions with the same hiatus time due to differences in the vegetation types and the main climate elements affecting vegetation greenness [21] . The vegetation greenness was inhibited, and the NDVI decreased in northwestern Russia. However, under the same warming hiatus background in Mongolia, the NDVI of the vegetation tended to increase after 2005. One reason for this is that the precipitation generally increased in Mongolia after 2005. As a result, the effects of precipitation and radiation on the vegetation were greater than the effects of temperature. As the precipitation and radiation increased, the effect of the warming hiatus on the vegetation was counteracted, promoting vegetation greenness [15] . Similarly, the regions with warming hiatuses include the borders of Eurasia and northern and southern Siberia in Eurasia and temperate regions [19] . In these regions, the vegetation responded differently to the warming hiatus. In the majority of these regions, the warming hiatus reduced the NDVI but promoted the vegetation greenness in eastern and northeastern Siberia. A possible reason for this is that a negative correlation existed between the soil moisture change and the temperature change during the growing season [19, 37] .
In regions that experienced a warming hiatus in the NH, there were different responses of vegetation greenness to the climatic change. In central North America and Russia, the vegetation greenness showed opposite trends. Warming did not always promote vegetation greenness. This phenomenon may be due to the increase in plant disease and insect pests caused by the warming, leading to the death of vegetation, which was subsequently consumed by the insects [38, 39] . Wolfgang Buermann et al. suggested that the vegetation greenness was inhibited and the NDVI decreased in central Eurasia due to accelerated warming and dry conditions during the summer [36] . Moreover, the climatic elements of the NH were altered, and the vegetation greenness was not decided by only a single element [15] . When the main factor affecting vegetation greenness was positively correlated with the NDVI, the increasing trend of climatic elements promoted vegetation greenness. However, when the main factors affecting vegetation greenness and the NDVI were negatively correlated, the increasing trend in the climatic elements inhibited vegetation greenness. In the trend of global warming, temporal variations and spatial distributions are not unified. At the same time, human activity and extreme climatic event effects may occur. Therefore, it is necessary to comprehensively analyze the effects of various factors on the NDVI.
Conclusions
The results of the piecewise linear analysis enabled the study of the temperature variation trends in the NH from 1982-2013. Moreover, the differences in the temperature trends before and after the turning year were compared, thereby confirming the regions that had experienced both a warming hiatus and accelerated warming. The main driving factors affecting vegetation greenness in those spatial regions were then analyzed. Finally, the responses of vegetation to the climatic change were analyzed by integrating the turning time and the driving factors affecting vegetation greenness.
In summary, the results show that spatial differences in vegetation growth and greenness occurred for the regions that experienced a significant temperature change in the middle-high latitudes of the NH. The regions with a warming hiatus were mainly distributed in northwestern North America, including northwestern Canada, the western United States, southern and northeastern Russia, Mongolia, and the northeastern and central parts of China. Due to differences in vegetation types and their main influencing factors, the vegetation greening trends differed among the regions with or without a warming hiatus. Even under the same warming hiatus background, due to differences in vegetation types and the effects of various climatic elements over the dynamic process of climatic change, the responses of the vegetation to warming hiatuses also differed. Vegetation greenness was inhibited in northeastern Russia but was accelerated in Mongolia. Our results will promote a deeper understanding of the vegetation dynamics with respect to different climatic changes in different spatial regions. Author Contributions: H.W. and X.Z. conceived of and designed the experiments. H.W. performed the experiments and analyzed the data. All authors contributed to the ideas, writing, and discussion.
